G protein-coupled receptors (GPCRs) and their ligands are critical regulators of neural progenitor differentiation, and GPCR signaling pathways are regulated by regulator of G protein signaling (RGS) proteins. RGS protein expression is dynamically regulated, and we have recently described the epigenetic regulation of RGS transcript expression. Given the potential of RGS proteins to regulate GPCR signaling and the established role of epigenetic regulation in progenitor differentiation, we explored the impact of epigenetic regulation of RGS transcripts during in vitro differentiation of human neural progenitors. Here, we demonstrate robust upregulation of the RGS transcripts RGS4, RGS5, RGS6, RGS7, and RGS11 during neuronal differentiation, while DNA methyltransferase (DNMT) and histone deacetylase enzyme expression is suppressed during differentiation. Transcripts encoding R7 subfamily RGS proteins and the R7-binding partners R7BP and R9AP showed the greatest upregulation. Further, we showed that direct pharmacological inhibition of DNMT activity enhances expression of RGS2, RGS4, RGS5, RGS6, RGS7, RGS8, RGS9L, RGS10, and RGS14 as well as R7BP and R9AP transcripts in progenitors, consistent with regulation by DNMTs. Our results reveal marked upregulation of RGS expression during neuronal differentiation and suggest that decreased expression of DNMT enzymes during differentiation contributes to upregulation.
Introduction
In development and stem cell differentiation, G protein-coupled receptors (GPCRs) are critical regulators of self-renewal and cell fate determination, particularly in neural lineages [1] . GPCRs comprise the largest family of cell-surface receptors in all eukaryotes [2] . The seven-transmembrane GPCR is an integral membrane protein that relays signaling cues from extracellular neurotransmitters, growth factors, and hormones to cellular machinery via activation of heterotrimeric G proteins. A large class of cellular proteins termed regulator of G protein signaling (RGS) proteins functions to reverse the activation of G proteins by GPCRs and their ligands [3] . When activated by an external ligand, the GPCR acts as a guanine-nucleotide exchange factor to cause exchange of GDP for GTP on the α subunit of the G protein. This allows the active Gα subunit and Gβγ dimer to dissociate and interact with effector proteins to induce various intracellular signaling cascades. The activity of Gα and Gβγ is terminated by GTP hydrolysis which regenerates the inactive GDP-bound G protein [4] . RGS proteins accelerate and facilitate this GTP hydrolysis and thus deactivate G protein-mediated GPCR signals [5] . Further, multifunctional RGS proteins can target G proteins and receptors in distinct domains through scaffolding mechanisms, and thereby alter the relative strength of signaling from multiple pathways. Finally, GPCRs may signal through G protein-independent pathways such as arrestins, and RGS expression can alter the relative strength of these complementary pathways (22006018, 21699508). Thus, RGS proteins can regulate the strength, duration, and specificity of GPCR signaling pathways.
While GPCRs and G proteins have been extensively studied in neural differentiation [6] , the ability of RGS proteins to regulate these pathways has been largely unexplored. Similarly, while others and we have reported dramatic changes in the expression of GPCRs during neuronal differentiation [1, 7] , little is known about the regulation of RGS expression during neuronal differentiation. Our recent studies have implicated epigenetic regulation of RGS transcript expression by histone deacetylation and DNA methylation [8] , and epigenetic regulation of gene expression is a key determinant of stem cell differentiation [9] . Epigenetic regulation of gene expression encompasses multiple mechanisms that modify genomic DNA and histones -including DNA methylation, histone methylation, and histone acetylation -as well as expression of microRNAs. In the current study, we explored the changes in RGS transcript expression in neuronal differentiation of human neural progenitors, and examined the roles of DNA methyltransferase (DNMT) and histone deacetylase enzymes in regulating RGS expression. Our results suggest that decreased expression of DNMT enzymes may contribute to increased expression of multiple RGS transcripts during neuronal differentiation.
Materials and Methods

Cell Culture
Human neural progenitor cells (hNPs) derived from WA09 human embryonic stem cells (Aruna Biomedical, Athens, Ga., USA) were grown on cell culture dishes precoated with Matrigel (BD Bioscience, San Jose, Calif., USA) in Neurobasal Medium (Gibco, Carlsbad, Calif., USA) as described [10] . The hNPs were grown in AB2 TM Basal Neural Medium supplemented with 2% ANS TM Neural Medium Supplement (Aruna Biomedical, Athens, Ga., USA), 1% L -glutamine, 1% penicillin/streptomycin, 20 ng/ml basic fibroblast growth factor (bFGF) (R&D Systems, Minneapolis, Minn., USA) and 10 ng/ml leukemia inhibitory factor (EMD Millipore, Billerica, Mass., USA). hNPs were differentiated for 2 weeks (denoted hN2) via bFGF withdrawal. Cells were treated with 5 μ M of 5-Aza-2 ′ -deoxycytidine (Sigma Aldrich) for 5 days or 500 n M trichostatin A (TSA; Sigma Aldrich) for 36 h. Human SK-N-BE(2) neuroblastoma cells (ATCC, Manassas, Va., USA) were grown in a 1: 1 mixture of Eagle's minimum essential medium and F12 medium with 10% fetal bovine serum. Both cell lines were incubated at 37 ° C in 95% humidity and 5% CO 2 . All cell lines were plated at a concentration of 1,000,000 cells/ml in a 100-mm tissue culture plate.
Results and Discussion
We explored changes in RGS transcript expression during in vitro differentiation of a well-characterized human neural progenitor cell model, namely hNP (Millipore) [14, 15] . hNP cells were differentiated for 2 weeks via bFGF withdrawal, resulting in differentiated hN2 cells. As previously reported, hN2 cells displayed high expression of the neuronal markers MAP2 and Tuj, reduced expression of the progenitor marker nestin, and robust neurite extension (data not shown). RNA was isolated from the differentiated hN2 cells and in parallel from proliferating undifferentiated hNP cells, and the expression of a panel of RGS transcripts expressed in CNS tissues was compared in the two cell populations ( table 1 ). As shown in figure 1 , the transcripts RGS6, RGS7, and RGS11 were strongly upregulated (10-20 fold) in hN2 cells. RGS4 and RGS5 were upregulated to a lesser extent, approximately six and four times higher in hN2 cells versus progenitor cells, respectively. Similarly, RGS9 showed a small but consistent trend of increased expression following differentiation, although not statistically significant. In contrast, two RGS transcripts were suppressed following neuronal differentiation; RGS8 and RGS14 each showed approximately 75% lower expression in hN2 cells ( fig. 1 b) . RGS2, RGS10, RGS17, RGS12, and RGS20 showed no consistent or significant change in expression between progenitors and differentiated neurons ( fig. 1 c) .
We noted that the three most highly upregulated RGS transcripts (RGS6, RGS7, RGS11) during neuronal differentiation were members of the R7 subfamily, and RGS9, the fourth member of this family, was also trending toward upregulation. R7 family proteins are stabilized by association with the binding partners R7 family-binding protein (R7BP), RGS9 anchoring-protein (R9AP, also known as RGS9-binding protein, RGS9BP), and Gβ5. Thus, we predicted simultaneous upregulation of their expression as well. Indeed, transcript levels of R7BP and R9AP were significantly higher in hN2 cells versus progenitor cells ( fig. 1 d) . The Gβ5 transcript level was not significantly higher in hN2 versus hNP, but was high in both populations ( table 1 ) . Therefore, transcripts encoding R7 proteins and the requisite-binding partners R7BP and R9AP are upregulated during neuronal differentiation.
Epigenetic silencing of cell fate-specific genes is an established mechanism of stem cell maintenance [16] . Further, others and we have demonstrated epigenetic regulation of RGS transcript expression in cancer cells via DNMT and HDAC activity [8, 17] . We predicted that the observed increase in expression of multiple RGS transcripts might reflect release of epigenetic silencing by these mechanisms in the progenitor cells. To test this prediction, we compared expression of the major enzyme isoforms responsible for DNA methylation (DNMT1 and DNMT3) and histone deacetylation (HDAC1) in neural progenitors and differentiated neurons. DNMT3 and HDAC1 were significantly decreased in hN2 versus hNP cells ( fig. 2 ). This suggests that changes in expression of enzymes that modify DNA methylation and histone acetylation may contribute to changes in RGS gene expression during neuronal differentiation. To more directly address the role of DNMT and HDAC enzymes on RGS transcript expression in neural progenitors, we determined the effect of pharmacological inhibitors of DNMT and HDAC enzymes on RGS transcript expression in hNP cells. We first treated hNP cells with 500 n M of the broad-spectrum HDAC inhibitor TSA for 36 h and determined the effect on RGS transcript expression. RGS7 was significantly upregulated in response to TSA treatment ( fig. 3 a) , while RGS4, R7BP, and RGS10 were consistently higher in TSA treated cells, but due to variability in the magnitude of the change between independent experiments the change was not significant. Consistent with published observations, treatment of neural progenitor cells with TSA resulted in significant changes in cell morphology and reduced viability [18] , and these effects may have contributed to the variability between independent experiments. Surprisingly, three RGS transcripts were strongly downregulated following TSA treatment in neural progenitors. The transcript levels of RGS5, RGS12, and RGS20 were reduced by 60-80% following HDAC inhibition ( fig. 3 b) , while these transcripts were either unchanged or increased expression during neuronal differentiation. Thus, direct inhibition of HDAC activity did not recapitulate changes in RGS expression during differentiation, suggesting that reduced HDAC1 expression in neuronal differentiation is not directly responsible for the observed changes in RGS expression during differentiation. Changes in RGS transcript expression during in vitro differentiation of hNP cells. hNP cells were differentiated via a 2-week bFGF withdrawal (hN2), and transcript expression was compared to that in undifferentiated hNP cells. Isolated total RNA was analyzed by qRT-PCR using primers specific for RGS transcripts, R7 family-binding protein transcripts and housekeeping genes. The graphs represent pooled data from three independent experiments. 2 -ΔΔCT values were calculated using both GAPDH and actin control genes. a RGS transcripts upregulated during hN2 expression. b RGS transcripts downregulated during neuronal differentiation. c RGS transcripts unchanged during neuronal differentiation. d Expression of transcripts encoding R7 family-binding proteins. * p < 0.05, * * p < 0.01, * * * p < 0.001.
To address the role of DNMT regulation of gene expression in neural progenitors, we similarly treated hNP cells with 5 μ M 5-Aza deoxycytidine (5-Aza), a broad-spectrum DNMT inhibitor, for 5 days. DNMT inhibition resulted in strong upregulation (10 fold or higher) of RGS4, RGS6, R7BP, RGS8, and R9AP ( fig. 4 ) . With the exception of RGS8, all of these transcripts were also upregulated during neuronal differentiation. Several additional RGS transcripts Changes in expression of transcripts encoding major DNMT and HDAC enzymes during hNP → hN2 differentiation. The expression of epigenetic silencing enzymes reduced in neuronal differentiation. hNP cells were differentiated via a 2-week bFGF withdrawal (hN2), and transcript expression was compared to that in undifferentiated hNP cells. Isolated total RNA was analyzed by qRT-PCR using primers specific for enzyme encoding transcripts and housekeeping genes. The graphs represent pooled data from two independent experiments. 2 -ΔΔCT values were calculated using both GAPDH and actin control genes. * * * p < 0.001. were significantly upregulated, although to a lesser degree following 5-Aza treatment: RGS2, RGS5, RGS9, RGS10, and RGS14. RGS7 was consistently upregulated with 5-Aza treatment, but there was high variability in the magnitude of change (between 2-40 fold in three independent experiments), so this effect was not statistically significant (p = 0.15). RGS11, RGS12, RGS17, and RGS20 showed no change in expression following 5-Aza. Overall, seven of the nine RGS transcripts upregulated during neuronal differentiation were also upregulated following direct DNMT inhibition. Similarly, four of the six RGS transcripts that were unchanged during neuronal differentiation were also unchanged following DNMT inhibition. Thus, direct inhibition of DNMT enzymes recapitulated the regulation of most -but not all -RGS transcripts during neuronal differentiation. Together, these data suggest that the observed loss of DNMT expression during differentiation may contribute to upregulation of RGS4, RGS5, RGS6, RGS7, RGS9, R7BP and R9AP transcripts, while distinct mechanisms likely mediate the observed changes in RGS11, RGS14, and RGS8 during neuronal differentiation.
To determine if the effects of DNMT inhibition on RGS transcription are unique to neural progenitor cells, we also determined the effect of DNMT inhibition by 5-Aza in a neuronal cell model, namely SK-N-BE(2) human neuroblastoma cells. Of the 11 transcripts upregulated in response to 5-Aza in hNP cells, RGS2, RGS5, RGS6, RGS8, RGS14, R7BP, and R9AP were also upregulated in response to 5-Aza treatment in SK-N-BE cells, while RGS4, RGS7, RGS9 and RGS10 were not significantly upregulated ( table 1 ) . Thus, RGS transcripts may be more sensitive to regulation by inhibition of DNMT in hNP cells compared to SK-N-BE cells, likely reflecting the high basal DNMT expression levels in hNP cells. DNMT enzymes can directly modify the promoters of genes by methylating CpG dinucleotides, and genes with high concentrations of CpG nucleotides are often targets of DNMT regulation. To determine if RGS promoters are good candidates for direct regulation by DNA methylation, we also determined the GC content of RGS promoters. RGS2, RGS6, RGS7, RGS9 and RGS10, as well as genes encoding the R7 family-associated proteins R7BP and R9AP, contained regions of >60% GC content and high density of CpG dinucleotides in their proximal promoters, consistent with their upregulation upon pharmacological inhibition of DNMT (see suppl. material, www. karger.com/doi/10.1159/000362128). However, the presence of a proximal CpG island did not broadly correlate with the regulation of RGS expression by DNMT, consistent with growing evidence that regulation of gene expression by DNMT enzymes may occur well upstream of proximal promoters and in regions with lower CpG density [19, 20] . Our previous studies have shown differential regulation of GPCR expression upon neuronal differentiation [1] . The results of this study demonstrate dramatic upregulation of multiple RGS transcripts during in vitro differentiation of human neural progenitors, while RGS14 and RGS8 were strongly downregulated. These changes are predicted to have significant impact on the strength and selectivity of GPCR signaling during differentiation. GPCRs signal through four major classes of G proteins -Gαi/o, Gαs, Gαq, and Gα12 -as well as G protein independent mechanisms. Notably, all RGS transcripts shown to be upregulated during neuronal differentiation in this study encode Gαi/o subfamily GAPs, which may result in a significant shift in the balance of Gi/o signaling relative to these other pathways. Gαi/o activity has been directly linked to neural progenitor proliferation [21] and neurogenesis [22] , and enhanced Gi/o-targeted GAP activity likely directly impacts the function of these pathways in response to multiple Gi-coupled receptors. Further, in vitro differentiation of hNP cells in the presence of the Gi/o inhibitor pertussis toxin results in reduced cell survival and enhanced neuronal marker expression (data not shown). In contrast, differentiation of hNP cells in the presence of HDAC and DNMT inhibitors inhibits neuronal differentiation and promotes astrocytic differentiation [23] . Additional studies are needed to elucidate the direct functional impact of specific RGS proteins on specific GPCRs and G proteins in differentiation of neural progenitors and mature neurons.
The RGS transcripts that were most strongly upregulated encode members of the R7 subfamily of RGS proteins, and we also observed upregulation of transcripts encoding the R7 family-associated proteins R7BP and R9AP. Our results are consistent with a previous report of increased RGS9 expression during neural differentiation [24] , and RGS6 has been reported to play a role in neuronal differentiation [25] . Further, R7 family members are critical regulators of neuronal function [26] [27] [28] , and their increased expression may impact signaling by multiple GPCR-coupled neurotransmitters during neuronal differentiation. The promoters of all four members of the R7 subfamily and of both R7 associated proteins contain proximal CpG islands, and all except RGS11 are upregulated in hNP cells following direct DNMT inhibition. Thus, our studies establish DNMT activity as a potential regulator of R7 family transcription and suggest that the decrease in DNMT enzyme expression during neuronal differentiation contributes to the dramatic increase in R7 family expression via release of epigenetic suppression.
